Effects of pressure on the thermal Z/E isomerization of4-(dimethylamino)-4'-nitroazobezene were studied in a silicon oil at various temperatures. The results were compared with the ones previously obtained in glycerol triacetate (GTA) and 2-methylpentane-2,4-diol (MPD).Even in the polymer, pressure effects expected from the transition state theory were obtained at low pressures (P < 200 MPa).However, as in GTA and MPD, the transition state theory became invalid at higher pressures. For the polymeric liquid, the macroscopic shear viscosity obviously does not suffice for a quantitative description of the microscopic frictions between the reactant and the solvent molecules.
Introduction
High pressure has long been recognized as an effective tool to study dynamic routes of fluid reactions. Troe and his co-workers are pioneers in this field [lJ.Their efforts were mainly concentrated on fast geometrical isomerizations of organic molecules in their electronic excited states and the results are concisely summarized in one of their reviews [2] , We developed our own interests in the field as a result of mechanistic studies of the relatively slow Z/E-type isomerization about a carbonnitrogen and a nitrogen-nitrogen double bond in their electronic ground state as shown in the Scheme [3, 4] :
The activation volumes were effectively used together with the solvent and the substituent effects in the elucidation of the reaction mechanisms. During the course of the study, pressure-induced retardations that could not be rationalized on the basis of the transition state theory (TST) were discovered in glycerol triacetate (GTA) [5] . In the following investigations [6] [7] [8] [9] , we did similar measurements also in 2-methylpentane-2,4-diol (MPD) and 2,4-dicyclohexy 1-2-methy lpentane (DCMP) and concluded that those retardations were dynamic solvent effects. Namely, by applying high external pressure, solvent thermal fluctuations were suppressed and the reactions were shifted from the TST-valid to the TST-invalid condition. The results could be analyzed on the basis of the Sumi-Marcus' version [10. 11] of the two-dimensional reaction coordinate model originally proposed by Agmon and Hopfield (AH model) [12, 13] where the medium and the chemical coordinates are treated independently. In the analysis of the results, the macroscopic shear viscosity of the solvent was used as a measure of the microscopic friction between the reactant and the solvent molecules. In polymer media, however, it is expected that the macroscopic viscosity may not adequately describe the microscopic frictions. In order to examine this possibility, we decided to undertake kinetic pressure-effect measurements on the Z/E isomerization of 4-(dimethylamino)-4'-nitroazobenzene [(DNAB, X = N in Scheme 1] in a commercially available silicone oil.
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Experimental
Material DNAB [mp 234-235 °C (lit. [14] 232-234 °C)] was a commercial product (Tokyo Kasei Kogyo) and used after recrystallization from toluene. Silicone oil was KF-54 of Shin-Etsu Chemical. The structure and some of the properties are given in Figure 1 .
Viscosity Measurements
The high-pressure viscosities of KF-54 were measured by a falling-cylinder viscometer [ 15] which was calibrated by measuring the falling rate in bis(2-ethylhexyl) sebacate whose viscosity is known [16] . The measurements were performed at 25,40. 60, 100, and 120°C. The highest pressure was 427 MPa.
Kinetic Measurements
The unstable Z-isomer was formed by irradiation from a xenon flash lamp and its decay was followed spectrophotometrically. The high-pressure vessel with optical windows was essentially the same as described previously [17] . Neither freezing of the solvent nor precipitation of the reactant took place at any of the conditions. It was found that an acidic impurity, probably hydrogen chloride produced in the polymerization reaction between dichlorodimethylsilane and dichlorodiphenylsilane with water, in KF-54 catalyzed the isomerization. In order to suppress this catalysis, piperidine was added to the reaction mixture in the concentration of 1 x 10~3-10" 4 mol dm -3 . Usually seven measurements were performed at the same condition. The standard deviations of the rate constant were mostly in the range of 0.5-5% depending on the conditions. Because of the lower photo-conversion yield of the Z-isomer, the standard deviation became as large as or larger than 10% at the highest pressures. Figure 2 illustrates the pressure dependence of the viscosity of KF-54 at various temperatures. The logarithm of the viscosity was linearly correlated with the pressure:
Results and Discussion
Viscosity of KF-54 at High Pressures
In order to estimate the values of 7] 0 and a at the reaction temperatures, an empirical correlation between the kinematic viscosity and the temperature (Walther equation) [18] and a linear correlation of a with the logarithm of the kinematic viscosity were used, respectively. The values thus obtained are listed in Table 1 . 
Isomerization ofDNAB in KF-54
The thermal return of the (Z)-DNAB to the thermodynamically more stable £-isomer followed the first-order rate law at most of the pressures studied. Deviations from the first-order kinetics were noticed at the high end of the pressure range. In this work, however, we restricted ourselves to the pressure range where the reaction followed the first-order decay. The observed rate constants k obs are listed in Table 2 , and they are plotted against the pressure P in Fig. 3 together with the k obs in GTA reported earlier [6] , Table 2 also includes the activation volumes at zero pressure and the isobaric activation energies at TST-valid pressures (vide infra.). The results in the two solvents were qualitatively the same, i.e., at low pressures, pressure-induced accelerations were observed as in common solvents with low viscosities [19] , However, the pressure effect was reversed at higher pressures. The accelerations were in accordance with a rotation around the nitrogen-nitrogen bond after the heterolytic ;r-bond cleavage which gives a highly dipolar activated complex 1 [4, 20] , As a result of the stronger solvation in the transition state, the volume of the system decreases (AV*<0) in the activation step, and the reaction is accelerated by high external pressure [19] :
The faster isomerization in GTA is in accordance with this consideration because the dielectric constant e of GTA (6.0 at 21 °C) is larger than that of KF-54 (2.88 at 25 °C). The rate constants were even larger in MPD (£=25.86 at 20 °C) [7] , The retardations at higher pressures, observed only in highly viscous solvents [6] [7] [8] [9] , cannot be rationalized on the basis of the TST, however. They must be caused by slow thermal fluctuations of the solvent molecules. In other words, the reaction must have been cast into the TST-invalid viscosity region by high pressure. The shift of the reaction from the TSTvalid to the TST-invalid region can be confirmed by comparing the Arrhenius plots at different pressures. At and below 270 MPa, the Arrhenius plots were linear, however clear downward deviations at low temperatures could be seen at and above 360 MPa, as shown in Figure 4 . Because of the qualitative similarities of the present results to the ones in GTA and MPD. we decided to analyze the results on the basis of Scheme 2 which was adopted in the previous studies [6] [7] [8] as an approximation of the AH model. In this scheme, Z and E are the reactant and the product, respectively. The first step describes the solvent reorganization to form solvation spheres that stabilize the activated complex in the second step, where the Z/E chemical transformation takes place. Z* describes the reactant molecules in such solvation spheres. By assuming a steady state.
^obs ^TST is obtained, where lc TST is the rate constant expected from the TST, in other words, the rate constant supposed to be observed when the second step is rate-determining, i.e., ^TST = k f k 2 /k_f. The A: tst at the TST-invalid pressures can be estimated by extrapolating the pressure dependence of k obs at lower pressures. Several empirical equations have been proposed as functions describing kinetic effects of pressure [17, 21] and one of them,
*o.i was used in this work. k P and k 0A in (4) are the observed rate constants at P and 0.1 MPa, respectively.
The estimated k TST values were put into (3) together with k obs in order to calculate the fluctuation-limited rate constants k f . The k { values thus obtained are also listed in Table 2 . As in the monomeric viscous solvents, we could reasonably expect k { to give linear Arrhenius plots because solvent thermal fluctuations require thermal activation. This expectation was met, as shown in Figure 5 .
In the reactions of electronically excited molecules, k obs has been found to show an inverse power dependence on the medium viscosity [22] : observed in compressed gases or in supercritical fluids [2, 22] , Therefore, the reactions must have been fluctuation-limited, i.e., k obs ~ k f , in liquids. This, in turn, suggests a similar viscosity dependence of our k { . This was in fact observed in GTA and MPD [6, 7] . The log k f -log ij plots found for KF-54 are shown in Figure 6 together with the ones in GTA. As expected, the plots were linear and the slopes were in the range of 0.8-1 [23] , These results imply that our k t is a rate constant for a process which requires thermal activation, and that the solvent molecules are involved in the process. In other words, Scheme 2 and the two-dimensional reaction-coordinate model that Scheme 2 is based on are valid not only in monomer solvents but also in the present case.
Differences between the Monomeric and the Polymeric Solvents
Although the results in KF-54 look similar to the ones in GTA (Fig. 3) . the difference can be seen clearly in the plot of k { against /; (Figure 6 ). In GTA, the fluctuationlimited rate constant did not show an appreciable temperature dependence at constant viscosity. On the other hand, k { was clearly dependent on the temperature even at the same viscosity in KF-54. This temperature dependence might be understood by comparing it to the similar results in MPD observed previously [7] , In MPD, the isoviscous temperature dependence was rationalized by assuming that the energy of the system increases in the rearrangement of the solvent molecules. In the initial state the alcohol molecules must be hydrogen-bonded to the lone pair electrons of the nitrogen in the dimethylamino group. In the activated complex 1, the nitrogen atom is positively charged. Therefore, the solvent molecules have to cleave the hydrogen bonds in the first step to rearrange their dipoles so that the dipolar activated complex is stabilized by the solute-solvent interactions. It is hard to imagine such movements taking place without inducing any structural change in the reactant. Probably the solvent rearrangement and the chemical transformation take place in a partially concerted manner. The detailed analysis based on the Sumi-Marcus model suggested that the energy increase in the first step amounts to ca. 75% of the total activation energy [7] , The same discussion is difficult to apply to the present system, however. KF-54 molecules do not have hydroxyl groups and are less polar than GTA molecules. If the isoviscous temperature dependence of k f in KF-54 is caused by the partial concertedness of the chemical and the medium coordinates, we must expect DNAB molecules to behave similarly in GTA, which is not the case, however. The long linear structure of the KF-54 molecules may be responsible for this temperature dependence of k { . This view is supported by the viscosity dependence of k obs in KF-54. The log& obs -log plots are shown in Fig. 7 for GTA and KF-54. In GTA, the viscosity which yields the maximum rate, shifts towards higher values from 10 2 Pa s at 40 °C to 10 4 Pa s at 5°C. Similar shifts (10 2 Pa s at 35 °C to 10 3 Pa s at -5 °C) were also observed in MPD. In KF-54, on the contrary, the viscosity where k obs is maximal is practically independent of the temperature. The maximum shift in the monomeric solvents can be easily rationalized, i.e., the reaction is accelerated by an increase in temperature, and the larger the rate constant, the faster the solvent fluctuations where the reaction goes into the TST-invalid region. The same must be true in KF-54.
However, if there is another factor which does not contribute to r] but contributes to the microscopic friction, and if this contribution decreases with increasing temperature, the effect of temperature might be compensated and an almost constant viscosity would be required to make the TST invalid. This assumption of a second microscopic friction and its decrease with increasing temperature in KF-54 is also supported by the plots shown in Figure 8 . In this Figure, log (k obs /k TST ) is plotted against log(T]xk JSJ ) for KF-54 and MPD. The abscissa represents the balance between characteristic times of chemical and the medium coordinates, thus compensating the effect of the reaction rate. The results in GTA were more or less similar to the ones in MPD. Deviations from the TST start at a similar value of k TST x r/, but ^obs^TST decreases much more rapidly in KF-54 in accordance with the existence of the second friction. Furthermore, the plot for KF-54 rapidly approaches to the ones in MPD with an increase in temperature, a clear indication of a decrease in the second friction. Considering all of these experimental results in Figures 6, 7 , and 8, it is reasonable to con-elude that in order to describe the microscopic frictions in KF-54, macroscopic shear viscosity is not enough and this, in turn, may be taken to suggest the validity of our assumption that microscopic friction in monomeric liquids can be considered to be proportional to the macroscopic shear viscosity. The second friction in KF-54 might be caused by local segmental rotation of the siloxane chain and/or the rotation of the phenyl side groups. However, a detailed discussion is not possible at this level of our knowledge. Further experiments in polymers with different average chain lengths are in preparation and the results will be reported when completed.
